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Sponsored by the American Society for Mass Spectrom-
etry (ASMS), the 22nd Sanibel Conference was held
January 22–25, 2010 at the Tradewinds Island Resort in
St. Pete Beach, Florida. The topic was “From Structural
Biology to Drug Discovery: New Roles for Mass Spec-
trometry of Nucleic Acids.” The conference was co-
organized by Dan Fabris (University of Maryland Bal-
timore County, MD) and Patrick Limbach (University
of Cincinnati, OH). The conference brought together
twenty-three invited speakers and numerous poster
presenters from U.S. and international universities,
government laboratories, and industry, along with
many additional participants from around the world.
The format consisted of an opening lecture on Friday
evening, followed by morning and evening sessions on
Saturday and Sunday, and a morning session on Mon-
day. Poster sessions were also held on Saturday and
Sunday evening.
The scientific program aimed at providing the broad-
est possible view of fundamentals and applications of
mass spectrometry (MS)-based technologies for nucleic
acid analysis. Emerging areas of nucleic acid chemistry,
biology, and medicine, which stand to benefit greatly
from these technologies, were highlighted by the con-
tributions of speakers for whom MS is not the primary
focus. The opening lecture, given by Juan Alfonzo
(Ohio State University, OH) described the challenges
posed by the study of post-transcriptional modifica-
tions and illustrated the irreplaceable role of MS in the
investigation of ribonucleic acid (RNA)-editing pro-
cesses. Unlike analytical platforms based on electro-
phoresis, MS-based approaches are not limited to pro-
viding the sequence of nucleic acid analytes, but can
also afford the full characterization of nucleotide mod-
ifications. He described how these approaches, when
combined with gene silencing techniques, have enabled
detailed studies of the enzymatic pathways that lead to
functional tRNAs. He also illustrated how this combi-
nation of methods provided valuable insights into pos-Published online March 6, 2010
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ribonucleic acid (tRNA) editing.
In the Saturday morning session, which was dedi-
cated to fundamentals in the field, F. Hillenkamp (Uni-
versity of Muenster, Germany) provided a historic
perspective of the development of matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF)
mass spectrometry and its application to nucleic acid
analysis. He stressed the importance of matrix selection
for these types of analytes and highlighted the chal-
lenges faced to expand the attainable mass range and
resolution. He discussed the role of proton affinity and
zwitterion formation in determining base losses, which
is responsible for deteriorating analytical performance.
He illustrated approaches for the detection of single
nucleotide polymorphisms (SNPs) as an example of
biomedical application that helped spur the develop-
ment of these enabling technologies.
E. de Pauw (Université de Liège, Belgium) reprised
the theme of nucleic acid stability during matrix-
assisted laser desorption/ionization (MALDI) analysis by
discussing the effects of matrix selection on in-source
fragmentation. He compared typical matrices produc-
ing analyte protonation with those responsible for elec-
tron exchange and possible double-bond reduction. He
subsequently discussed the importance of computa-
tional methods for rationalizing the information ob-
tained by hydrogen-deuterium exchange (HDX) and
ion mobility spectrometry (IMS)-MS, which constitute
very complementary approaches for the investigation
of nucleic acid structure in the gas phase.
P. Limbach (University of Cincinnati, OH) illustrated
strategies for quantifying RNA modifications within
cells, which is critical to understanding the enzymology
and regulation of RNA editing processes, as introduced
in the opening lecture. He discussed an approach based
on total tRNA extraction and ribonuclease (RNase)
digestion, which is capable of producing unique frag-
ments that are diagnostic of the presence of a given
tRNA in the sample mixture. When such fragments
include the modified nucleotide of interest, this ap-
proach can be employed to assess also the extent of
modification. He discussed methods for obtaining effi-
cient isotopic end-labeling by RNase hydrolysis and
proposed criteria for achieving valid quantification by
MS-based technologies.
After the break, M. Gross (Washington University,
MO) illustrated the utility of MS for the characterization
of DNA damage generated by exposure to either UV
light to give cross-links or by exposure to quinones. He
discussed different methods for inducing hydrolysis of
DNA and isolating the crosslinked products for charac-
terization. He focused on a candidate biomarker for
breast cancer in humans, which is produced by DNA
depurination induced by the quinone form of the hor-
ass Spectrometry.
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tection provided the keys for understanding the inter-
play between cellular half-live and hydrolysis rate,
which determines quinones toxicities.
The following speaker, H. Urlaub (Max Planck Insti-
tute, Germany), discussed the pitfalls of performing in
vivo photo-crosslinking of protein-RNA complexes and
the possible remedies afforded by MS-based technolo-
gies. Crosslinking approaches aim at overcoming pos-
sible size limitations, or inadequate crystallization
properties, which may hinder high-resolution structural
determination. The digestion of crosslinked material
produces peptide-RNA conjugates that reveal the
sought-after position of intermolecular contacts. Unfor-
tunately, the desired products represent only a small
fraction of typical digestion mixtures, due to the low
yield of photo-crosslinking reactions. The implementa-
tion of 2D liquid chromatography (LC) combining C18
and titanium oxide (TiO2) stationary phases enabled
effective enrichment and characterization of these prod-
ucts, which provided valuable insights into the struc-
ture of U1 snRNP.
Concluding the session, E. Dudley (University of
Swansea, United Kingdom) illustrated the utilization
of modified nucleosides present in human urine as
possible biomarkers for oxidative stress and cancer.
He presented alternative methods for isolating target
analytes from this complex biological matrix, which
employ either the specific binding of ribose’s 1,2-diol
with a boronate stationary phase, or the interactions
between modified nucleosides and an aprotic hydro-
philic phase. He concluded by highlighting the prom-
ise of these technologies to support clinical metabo-
lomics studies.
The Saturday evening session dedicated to emerging
methods started with S. McLuckey (Purdue University,
IN), who discussed different approaches for increasing
the coverage afforded by top-down methods for oligo-
nucleotide sequencing. The determinant effects of
charge state on dissociation processes has prompted the
application of ion parking techniques to control the
charging of precursor ion populations, which affords
excellent results with DNA as well as tRNA samples.
Characteristic fragments produced by oligonucleotides
consisting of locked nucleic acids (LNAs) and LNA-
DNA oligonucleotides were described to enable the
interpretation of spectra obtained from these molecules
that are garnering increasing attention for pharmaceutical
application.
C. Honish (Sequenom, Inc., CA) described the imple-
mentation of array-based methods with MALDI-TOF
detection for genotyping, SNPs analysis, re-sequencing,
and DNA methylation analysis. She stressed the impor-
tance of bioinformatics to guide the selection of proper
primers to obtain information from the target regions of
the genome. She discussed different examples regard-
ing cancer profiling, identification of drug-resistant
pathogens, and other applications in clinical genetics.D. Fabris (University of Maryland Baltimore County,MD) described the development of solution and gas-
phase approaches for the investigation of higher-order
structures of nucleic acids. The combination of struc-
tural probes with high-resolution MS is capable of
revealing the position of nucleotides that are protected
by base-pairing, or juxtaposed by the structure fold.
These types of spatial constraints provided the infor-
mation necessary to generate all-atom 3D models of
target RNA elements involved in retroviral replica-
tion, which offered new insights into their structure-
function relationships.
The Sunday morning session was dedicated to phar-
maceutical and clinical applications. H. Oberacher
(Innsbruck Medical University, Austria) described the
utilization of monolithic stationary phases for the
LC-MS and LC-MS/MS analysis of oligonucleotides.
He discussed the ability of these methods to accomplish
the characterization of DNA adducts produced in an
electrochemical cell connected on-line. These adducts
serve as models for actual carcinogens produced inside
the cell by oxidative stress. He also presented an
example in which sequencing was employed to perform
genotyping of the cytochrome p450 2D6 gene to map
the polymorphic loci in the Tyrol population.
L. Zhao (University of Connecticut at Storrs, CT)
proposed a new method for high-throughput genotox-
icity screening based on magnetic bioreactors and LC-
MS/MS analysis. Rather than employing individual
enzymes combined in solution, or whole microsomal
fractions, the approach involved the sequential layering
of the necessary components onto the surface of mag-
netic beads coated by silica. Including the DNA sub-
strate directly in the film ensured high yield of adduct
production, which was subsequently released for anal-
ysis by neutral thermal hydrolysis. Reactive species,
such as styrene oxide, N-acetyl-aminofluorene, and
ethylene bromide, were employed to optimize and
evaluate the performance of the magnetic bioreactors.
J. Farand (Merck Research Laboratories, NJ) dis-
cussed the implementation of MALDI-TOF and LC-
MS/MS for the characterization of highly modified
oligonucleotides of pharmaceutical interest. First, she
explained the significance of chemical modification as a
means for improving the delivery and stability of small
interfering RNAs (siRNAs), which have been hamper-
ing the development of gene silencing techniques for
therapeutic purposes. She then described the applica-
tion of chemical-based ladder techniques, pointing out
that modifications may inhibit strand cleavage by typ-
ical exonucleases. In addition, she illustrated how
MS/MS sequencing can be employed to generate addi-
tional information from the 5=- and 3=-termini of these
highly modified oligonucleotides.
After the break, Y. Wang (University of California at
Riverside, CA) discussed methods for interrogating the
replication of DNA adducts in cells. In particular, he
described the implementation of restriction endonucle-
ase and mass spectrometry (REAMS) assays based on
plasmids constructed by inserting lesion-bearing oligo-
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transformation and replication in target cells, the DNA
was PCR-amplified and treated with the selected
restriction enzymes. The regions isolated by hydro-
lysis were then submitted to MS/MS sequencing to
assess the incidence of lesion-induced mutations. These
assays were employed to evaluate the lesion bypass
properties of different human polymerases that play
important roles in human cancer.
N. Tretyakova (University of Minnesota, MN) de-
scribed MS-based methods for the characterization of
peptide-DNA crosslinks produced by anticancer drugs
and environmental contaminants. Progressing to ever
increasing sample complexity, she discussed strategies
for analyzing conjugates obtained from reconstituted
systems in vitro, cell lysates, whole cells, and eventually
tissues. She stressed the importance of adequate con-
trols and the need for enrichment procedures when
dealing with samples generated in vivo. The utilization
of mutants to validate the identity of amino acid resi-
dues involved in the intermolecular conjugates was also
illustrated.
S. Hofstadler (Ibis Biosciences, CA) talked about an
integrated system for the detection and genotyping of
pathogens based on primer extension and ESI-TOF
technologies. He described a general strategy involving
PCR amplification of unique diagnostic regions of
pathogen genomes, which are bracketed by conserved
regions recognizable by broad range primers. The base
composition of each amplicon, which is obtained di-
rectly from accurate mass determinations, is employed
to search a database containing all the different se-
quences targeted by PCR. A unique answer about the
genome contained in the initial sample is reached by
combining the information provided by multiple re-
gions probed by different primers. Examples covering
genotyping of drug-resistant strains, SNP analysis, and
other applications in clinical diagnostics were presented
to illustrate the capabilities of the method.
The Sunday evening session dedicated to emerging
technologies started with J. Brodbelt (University of
Texas at Austin, TX), who compared the fragmentation
patterns observed in MS/MS experiments upon activat-
ing oligonucleotide precursor ions with either collision
induced dissociation (CID), or infrared multiphoton
dissociation (IRMPD). The effects of charge state and
irradiation time were also explored. She clearly showed
that a laser emitting in the UV region was capable of
providing increased sequence coverage, especially
when combined with CID. These techniques were eval-
uated by characterizing DNA adducts and interstrand
crosslinks produced by intercalating ligands.
A. Giessing (University of Southern Denmark, Den-
mark) presented an LC-MS method based on chip
technologies for the characterization of nucleoside mod-
ifications. He showed that chips combining trap and
analytical columns are capable of providing very repro-
ducible and sensitive detection of these types of ana-
lytes. The material eluting from the chip with flow ratesin the nL/min range was sprayed directly from the chip
into the ion source, thus minimizing possible sample
losses. Different chromatographic systems were evalu-
ated by using the digestion products of yeast tRNA, and
porous graphitized carbon provided excellent results
not only for individual nucleosides but also for short
oligonucleotide products.
K. Hakansson (University of Michigan, MI) de-
scribed the fragmentation processes observed by sub-
mitting oligonucleotide precursor ions to electron cap-
ture and electron detachment dissociation (ECD and
EDD, respectively). Comparing spectra obtained from
structured and linear oligonucleotides revealed a corre-
lation between charge-state distribution and folding
status, which was opposite to that exhibited by pro-
teins, with compact conformations displaying higher
charging presumably owing to reduced zwitterion for-
mation. She also showed that under appropriate condi-
tions, singly-charged anions can capture an electron to
form doubly-charged precursors that afford increased
sequence coverage.
The Monday morning session addressed the contri-
butions of MS technologies to the structural biology of
nucleic acids and their protein complexes. C. Robinson
(University of Cambridge, United Kingdom) demon-
strated how to use ESI-MS/MS and ESI-IMS-MS to
obtain structural information from large ribonucleopro-
tein complexes. For example, she showed how multi-
subunit assemblies can be dissociated into smaller mod-
ules by manipulating environmental conditions, such as
ionic strength. Concerted analysis by MS/MS and
IMS-MS reveals their size, stoichiometry, symmetry,
and shape. This information provides insights into
biological function that generate testable hypotheses.
Examples covered in the talk included the yeast exo-
some and eukaryotic initiation factor 3.
P. Stockley (University of Leeds, United Kingdom)
employed similar approaches to obtain valuable infor-
mation on a virus assembly process. IMS-MS and
MS/MS approaches proved to be useful for identifying
the fundamental building blocks, the key factors of
RNA-protein interactions necessary for capsid assem-
bly, and the overall shape and stoichiometries of the
subunits participating in virus assembly. Unlike classic
high-resolution techniques that are capable of reporting
on either separate subunits or fully formed capsid, these
MS technologies provided detailed information on the
intermediate steps of the assembly process.
S. Le Grice (National Cancer Institute, MD) demon-
strated the usefulness of integrating mass spectrometry
into a larger experimental scheme, which included
biological methods and NMR, to obtain information on
important questions about substrate binding and spec-
ificity in HIV reverse transcriptase (RT). The ability to
translate biochemical methods, such as selective 2=-
hydroxyl acylation analyzed by primer extension
(SHAPE), onto an MS platform (SHAMS), enabled
structural probing of substrates that are too small for
primer annealing. This technique confirmed the pres-
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(PPT) RNA-DNA duplex, which identify salient inter-
action sites for RT activity.
S. Woodson (Johns Hopkins University, MD) talked
about the application of time-resolved chemical probing
to study RNA folding and RNA-protein interactions
during assembly of the 30S ribosomal subunit. The
ability to generate hydroxyl radicals in situ by irradia-
tion with synchrotron light afforded the possibility of
following the kinetics of the folding processes in the
millisecond time scale. The results showed that 16S
rRNA and protein contacts form at more than one rate
and that many intermediates with helix junctions and
kinks fold in the early phase of assembly. The talk
elicited suggestions on how MS could provide additional
information relating to conformational changes and spe-
cific RNA-protein interactions in dynamic assemblies.
The posters presented at the meeting mirrored the
same breadth of topics displayed by the talks. Owing to
the high quality and significance of the presented work,three poster submissions were promoted to oral pre-
sentations. For the same reason, three presenters
received Graduate Student Travel Awards. In addi-
tion to lively question-and-answer exchanges at the
end of each talk, the poster sessions provided excel-
lent opportunities for informal discussions. One of
the undeclared goals of the meeting was to foster
crossover between disciplines. In this direction, the
relaxed atmosphere contributed greatly to the estab-
lishment of contacts between investigators with very
diverse backgrounds and research interests. The
fruits of these interactions will hopefully increase the
diffusion of MS applications into uncharted territo-
ries of chemistry, biology, and medicine of nucleic
acids and their functional assemblies.
The organizers thank B. Watson (ASMS) for the
impeccable work performed in coordinating the lo-
gistics of the meeting and the ASMS Sanibel Commit-
tee for the members’ outstanding advice and contin-
ued support.
